Observations of suspended sediment size and concentration, flow and acoustic backscatter intensity collected on the Seine Estuary (France) are used to study the acoustic response in cohesive-sediment dominated environments. Estimates of suspended sediment concentration based on optical backscatter sensors and water samples are used to calibrate the acoustic backscatter intensity. The vertical structure of suspended sediment concentration is then estimated from acoustic backscatter information. To our knowledge, this is the first field application of the recently proposed model of acoustic scattering by flocculating suspensions based on the variation of particle density (floc-scattering model). The estimates of sediment concentration reproduce well the observations under different tidal (neap/spring) conditions, confirming the applicability of the new model in the field when detailed particle size measurements are available. When particle size measurements are not available, using estimated floc sizes based on the turbulence intensities may provide reasonable SSC profiles. During spring tide events (associated with strong currents, small flocs and large concentrations), the performances of the new floc-scattering model and the previous models given for solid particle-scattering are comparable. The floc-scattering model increases the quality of the SSC estimates especially during low-energy conditions characterized with larger flocs.
Introduction
as the floc size increases, the intensity is much smaller for flocs than that for the solid particles of same size rapidly with floc size up to certain value, then the rate of increase significantly slows down for larger flocs.
53
The analysis of acoustic backscatter data from muddy environments is hampered by the fact that the main 54 features of scatterers are essentially unknown. It is still unclear in which form (i.e., primary particles, 55 microflocs or macroflocs) the cohesive sediment should be considered as scatterers. Most of the previous 56 studies suggest that scattering characteristics of a suspension of flocculated particles are controlled by the 57 floc properties, rather than constituent primary particles. Theoretically, the marginal value of ka (where k 58 is the wave number of the acoustic signal and a is the mean radius of scattering particle in suspension) for 59 detection of suspended sediment particles may be roughly about 0.05, suggesting that acoustical devices 60 operating at MHz frequencies would not be capable to resolve SSC well for grain sizes of order of 1µm, a showed a better agreement for flocs, with a marginally significant correction due to primary-particle viscous 68 effect. In contrast, a study by Fugate and Friedrichs (2002) suggests that the acoustic signal may penetrate 
where M is the mass concentration of suspended scatterers (kg m −3 ), r is the range from the transceiver along into the suspension scattering characteristics. The angular brackets indicate an average over the particle 114 number size distribution (mean value) present in the sample volume. In the expression for k t , p 0 is the 115 pressure at the reference distance r 0 , which is normally defined as 1 m; the parameter τ is the acoustic pulse 116 duration, c is the speed of sound in water, k is the acoustic wave number and a t is the radius of the active 117 area of the transducer. The range dependence of the parameters is not shown in the subsequent equations 118 for simplicity.
119
The commercial instruments used in this study (ADCP) only provide access to the processed output signal 120 in the manufacturer specified unit (counts) of received signal strength indicator. This is not a physical unit,
121
but rather a relative measure of intensity for which the reference pressure is 1 µPa at 1 m. 
where K c is the count to decibel conversion factor (dB count −1 ) which ranges from 0.4 to 0.5 dB count −1 .
126
The value of K c can be estimated through a calibration process in the laboratory or in the field using an 127 empirical approach (e.g., Kim et al., 2004) .
128
The attenuation coefficient α = α w + α s has a water component α w and a sediment component α s . 
where ξ is the sediment attenuation constant (kg −1 m 2 ), and χ is the normalized total scattering cross-section for the particles in suspension (dimensionless). The latter quantifies the scattering from a particle 135 over all angles relative to its cross-sectional area. It also includes the effects of viscous attenuation (Thorne 136 et al., 2014). The parameter χ consists of two components so that χ = χ s + χ v . The term χ s represents the 137 contribution to attenuation due to scattering particles, and dominates attenuation effects for large particles.
138
The term χ v accounts for frictional losses due to the viscosity of the fluid surrounding the particles for ka ≪ 1 139 (Urick, 1948) . Particle size affects strongly the relative importance of sediment attenuation components, and 140 eventually the SSC calculations (Eq. 20).
141
In their primary unflocculated state, the particles are considered as solid elastic spheres (Eqs. 3c, 4a and 4b
142
in Thorne et al., 2014) . The model of Thorne et al. (2014) uses a modified fluid elastic sphere to characterize 143 the scattering of large flocs with densities much closer to the density of water than that of primary particles.
144
The intrinsic backscatter form function for an irregularly shaped fluid elastic scatterer is given as
For an irregularly shaped fluid elastic scatterer, the total normalized scattering cross-section is calculated as
where x = ka. The values of the dimensionless fluid heuristic formulation coefficients ε 1 , ε 2 and ε 3 may 147 depend on floc structure and the degree of variability in the coefficients should be realized with experimental 148 studies. Here we used the values ε 1 =1.4, ε 2 =1.5 and ε 3 =1.0 suggested by Thorne et al. (2014) . Expressions
The hybrid model describes the scattering properties of the primary, transitional, and flocculated scatterers 151 using a variable size-dependent floc density and compressional velocity of sound in the scatterer. The 152 parameter γ is the ratio of the density of the scatterer to the density of water, and ζ denotes the sound velocity 
where q is the number of vertical levels at which optical measurements of sediment concentration are avail- In Situ Scattering Transmissometer, Sequoia Scientific) and an OBS-3 (Optical Backscatterance Sensor,
208
Campbell Scientific) were deployed on a profiling frame, observing the whole water column every 15 min.
209
The LISST estimated size distributions of suspended particles at 32 class ranges between 2.5 and 500 µm 210 at 1 Hz samples with a path reduction module of 80% (i.e., 1 cm path length), and the data were processed 211 in 50 cm vertical bins. The OBS, processed in 10 cm bins, sampled the turbidity at 2 Hz. Water samples
212
(from the surface and the bottom), collected every hour, were used to estimate de-flocculated particle size environments such as the Seine Estuary (Fig. 4b ). We will refer to LISST mean floc size estimates over and the second, exhibiting slightly weaker velocities, occurred between 13:30 to 16:00 hours (Fig. 6a) .
243
During these periods, a strong acoustic backscatter is recorded, suggesting the presence of large amounts 244 of suspended matter in the water column (Fig. 6b) . Qualitatively, the strength of the ADCP backscatter 245 signal agrees with the fluctuations of OBS observations. SSC up to 2 kg/m 3 is observed before 7:00 hours, water column (Fig. 6h ).
261
Observations made in November 2011 during neap ( Fig. 7a-d ) and spring tides (Fig. 7e-h ) are character- 
277
The sensitivity of the acoustic SSC estimates on the fractal structure is discussed in Section 4.4. Count to 278 decibel conversion factor as well as the noise levels for each transducer of the ADCP employed in this study 279 were determined in the laboratory (K c =0.43 dB/count and E r =46 counts in Eq.3).
280
In order to ensure the independence of k ′′ t on suspension conditions, SSC measurements were divided into 281 groups of 0.1 kg/m 3 ( Fig. 8a) , and for each group, the optimum k ′′ t giving the minimum difference between 282 measurements and calculations was determined (Eq. 10, Fig. 8b ). Fig. 8b ).
285
Variation of k ′′ t with range is seen in Fig. 8c for each meter from the instrument. Consistent with the SSC 286 dependency, no systematic variation is apparent. Therefore, this consistent mean value of k ′′ t was used as an 287 instrument constant in the analyses.
288
The performance of the ADCP to estimate the values of SSC is presented in Figs. 9 and 10 for the data sets 
where ε = u 3 * κz is the dissipation rate with u * the friction velocity, κ=0.41 the von Karman's constant and z 308 the distance above bed. Assume a logarithmic law of the wall for unstratified turbulent boundary layer
where u is the horizontal velocity, and z 0 is a function of bottom roughness at which the velocity is zero.
310
The parameters u * and z 0 in Eq. 12 can be estimated iteratively based on the values providing the best-fit for about 75% of the measurement bursts. The u * estimates were then used to calculate the dissipation rate 315 and the shear rate throughout the vertical axis using Eq. 11.
316
Relationship between the calculated shear rates and the LISST floc sizes (D mn ) is presented in Fig. 11 . Flocs 317 of around 10 µm has the largest frequency of occurrences at G ≃1 s −1 . For higher shear rates, the frequency 318 of occurrences of smaller flocs begin to increase (Fig. 11a) around 5 µm at higher shear rates (Fig. 11b) . The floc size-shear rate relationships shown in the 
324
The floc size profiles estimated using the relationship shown in Fig. 11b ferent from those of the solid particles, the values of k s reconcile as the particle size decreases (Fig. 14) . (less than three times difference) of solid scatterers (k ss ), suggesting that the previous models based on the 338 solid particle-scatterer assumption may also provide acceptable results when used with the measured flocs.
339
To test this, we repeated the calculations using the expressions given by Moate and Thorne (2013) for sandy 340 particles (assuming a constant density, ρ = 2650kg/m 3 ). The solid particle-scatterer model also performs 341 satisfactory during energetic periods (during flood and ebb), when D mn is consistently lower than 5 µm, 342 during both Neap (Fig. 15a-d ) and Spring tides ( Fig. 15a-d . Hence, for a constant floc size, floc density increases with increasing fractal 395 dimension resulting in an increase in f f (or the acoustic sensitivity, Fig. 1 ), and therefore in k s (Eq. 14).
396
Based on Eq. 20, increasing k s yields lower SSC estimates. Consequently, using larger fractal dimensions 397 in the model results in lower concentration estimates.. Although the results presented here do not suggest 398 a significant dependence on fractal dimension, they highlight that using a variable fractal dimension may 399 increase the quality of the estimates. neap and spring tides were used to study the behavior of the acoustic signal of suspended cohesive particles.
404
In addition to the acoustic backscatter profiles, the OBS and the LISST provided direct SSC (sometimes 
where R is the transducer receive sensitivity, T v is the voltage transfer function of the system. Eq.13 can be 
where
18
Sound pressure level in decibels can be determined using
where p re f is the reference pressure at a reference distance r 0 (for the instrument used in this study, ADCP, 457 p re f = 1 µPa and r 0 =1 m) Substituting Eq. 15 into Eq. 17 yields
The first term on the RHS is the term commonly referred to as the source level, which is the intensity of estimates using n f =2.3, black •: estimates using n f =2, blue * : estimates using n f =1.5).
